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Abstract 


The  scattering  phase  functions  of  micrometer-size  glycerol  droplets  contain¬ 
ing  spherical  latex  inclusions  undergo  random  fluctuations  with  time.  We 
measure  scattering  intensities  in  the  near-forward  and  near-backward  scat¬ 
tering  directions  and  hnd  them  to  have  strong  positive  correlations  during 
some  time  periods  and  strong  negative  correlations  during  other  time  peri¬ 
ods.  The  characteristic  time  constants  of  these  correlations  are  on  the  order 
of  seconds.  We  calculate  scattering  correlations  from  two  types  of  scattering 
systems.  Correlations  from  an  aggregate  of  two  isolated  spheres  are  generally 
positive,  whereas  correlations  from  a  sphere  containing  a  single  spherical  in¬ 
clusion  may  be  both  positive  and  negative.  Calculations  of  correlations  from 
our  experimental  data  are  consistent  with  diffusion  of  inclusions  within  the 
host  droplet,  rather  than  interference  effects  between  the  inclusions. 
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Introduction 


Optical  properties  of  levitated  droplets  have  been  studied  extensively  dur¬ 
ing  the  last  15  years;  particular  attention  has  been  focused  on  scattering 
resonances  in  droplets  now  commonly  called  morphology-dependent 

resonances.  Recently,  several  papers  have  examined  both  elastic  [12-14]  and 
inelastic  [15-21]  scattering  of  a  host  droplet  containing  small  inclusions.  Un¬ 
like  homogeneous  droplets,  a  droplet  containing  inclusions  displays  a  fluc¬ 
tuation  in  the  scattered  intensity.  The  nature  of  such  fluctuations  has  been 
attributed  to  inclusions  passing  successively  through  regions  of  strong  elec¬ 
tric  helds  (hot  spots)  and  weak  electric  helds  within  the  host  as  the  droplet 
rotates  [13]  and  to  interference  of  waves  scattered  by  the  inclusions  within  the 
host  droplet  [14,21].  Previous  researchers  [14,21]  used  the  latter  attributes  of 
the  scatter  in  photon-correlation  analyses  to  try  to  determine  physical  char¬ 
acteristics  of  the  inclusions.  However,  the  results  of  these  analyses  were  not 
conclusive. 

In  our  study,  we  perform  photon-correlation  analyses,  but  the  nature  of  the 
correlation  is  fundamentally  different  from  that  in  previous  work.  Whereas 
previous  correlation  analyses  on  scattering  data  [14,21]  used  the  autocorrela¬ 
tion  function,  we  consider  data  taken  at  two  different  scattering  angles  as  a 
function  of  time,  and  we  examine  the  resulting  correlations  between  the  data 
sets.  For  this,  we  use  a  standard  correlation  function  dehned  as 

(xi  -  x)  ivi  -  y) 


where  Xi  and  yi  are  the  intensity  signals  measured  at  time  ti  at  two  different 
scattering  angles,  and  x  and  y  are  the  time  averages  of  these  signals.  The 
correlation  function  varies  between  -|-1  (the  limit  for  perfectly  correlated 
signals)  and  —1  (the  limit  for  perfectly  anticorrelated  signals). 

We  try  to  develop  some  insight  into  the  scatter  by  comparing  the  correlations 
that  we  see  in  the  experimental  scatter  with  those  calculated  with  some 
simple  theoretical  models.  For  instance,  equations  describing  the  scattering 
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of  electromagnetic  radiation  by  systems  composed  of  individual  spheres  in 
close  proximity  have  been  derived  and  exploited  in  a  number  of  applications 
[22-39],  and  we  used  these  equations  to  model  the  interference  of  waves 
scattered  by  inclusions  within  a  host.  Parallel  research  has  addressed  the 
scattering  from  a  subsystem  completely  enclosed  by  a  spherical  host  [40-48] . 
By  comparing  the  experimental  correlations  to  those  calculated  with  these 
models,  we  hope  to  gain  an  understanding  of  the  scattering  processes.  The 
ultimate  goal  is  to  eventually  use  this  technique  to  quantify  the  scattering 
system. 
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2.  Experiment 


Figure  1  shows  a  diagram  of  the  experimental  apparatus.  A  charged  glycerol 
droplet  with  radius  of  ~  10  to  12  pm  is  captured  in  an  electrodynamic  trap 
[49].  (We  generated  the  droplet  with  a  spray  atomizer,  prepared  to  contain  a 
suspension  of  spherical,  uniform  latex  inclusions  having  a  known  concentra¬ 
tion.)  Levitated  droplets  are  illuminated  with  a  moderately  focused  (beam 
waist  ~1  mm)  krypton-argon  laser  beam  (A  =  647.1  nm),  while  simultane¬ 
ously  photomultiplier  tubes  (PMTs)  detect  the  scattered  light.  The  PMTs, 
placed  in  the  forward-scatter  (~7°)  and  backward-scatter  (~179.5°)  direc¬ 
tions,  collect  light  over  a  relatively  small  conical  solid  angle  (approximately 
0.1°  half-angle).  The  detected  signals  are  amplihed,  fed  through  a  low-pass 
(250-Hz)  hlter,  and  digitized  with  an  820-Hz  analog-to-digital  recorder. 

The  relative  background  noise  levels  have  been  measured  for  all  the  data  sets 
and  are  typically  less  than  0.5  percent  of  the  droplet  signals.  The  shot  noise 
is  the  dominant  noise  and  is  typically  a  small  percentage  of  the  signal. 


Scattering  cell 
and  particle 


Figure  1.  Schematic  of  experimental  setup  used  to  measure  elastic  scattering  from 
micrometer-size  glycerol  droplets  seeded  with  latex  particles.  Droplets  are  caught  in  an 
electrodynamic  trap  and  are  illuminated  with  a  krypton-argon  laser  (A  =  647.1  nm). 
Scattered  light  is  simultaneously  detected  by  photomultiplier  tubes  (PMTs)  placed  in 
the  forward-scatter  ("^7°)  and  backward-scatter  (^179.5°)  directions.  These  signals  are 
amplified,  digitized,  and  stored. 


3 


To  minimize  evaporation,  we  hold  the  droplets  for  approximately  1  hour  in 
the  electrodynamic  trap  so  that  equilibrium  with  the  vapor  within  the  con¬ 
tainment  vessel  enclosing  the  trap  can  be  attained  (surfaces  of  the  trap  are 
coated  with  a  sufficient  amount  of  glycerol  during  the  droplet-trapping  pro¬ 
cess  to  saturate  the  vapor  within  the  vessel).  However,  since  the  containment 
vessel  is  not  completely  air-tight  (it  contains  holes  to  allow  for  entrance  and 
exit  of  the  laser  beam),  some  vapor  does  escape,  and  the  host  droplet  slowly 
evaporates  at  a  rate  of  approximately  0.2  nm  over  a  6-s  data  run. 

Figure  2a  shows  a  sample  of  the  experimental  data  for  a  droplet  contain¬ 
ing  inclusions:  a  2-s  data  set  for  a  glycerol  host  {vh  ~  12  /rm,  Uh  =  1.471) 
containing  approximately  170  latex  inclusions  (r^  =  0.50  /rm,  n*  =  1.59). 
We  determine  the  host  radius  to  within  5  percent  by  examining  the  distance 
between  the  diffraction  rings  [50].  We  know  the  number  of  inclusions  from 
the  original  concentration  of  latex  in  the  glycerol-latex  suspension.  As  ob¬ 
served  previously  [12-14],  when  the  droplets  are  seeded  with  latex  spheres, 
the  signals  fluctuate  greatly  (>50  percent)  over  small  time  scales  (<1  s).  One 
feature  evident  in  the  data  is  a  low-frequency  (~1  Hz)  correlation  between 
the  backward-scatter  and  forward-scatter  signal  intensities.  This  correlation 
can  be  seen  more  clearly  after  the  data  are  hltered  with  a  30-Hz  median 
hlter.  In  the  data  set  in  hgure  2,  the  correlation  is  strongly  positive  through 
much  of  the  hrst  second,  and  strongly  negative  through  much  of  the  second 
second. 

The  data  in  figure  2a  are  fairly  typical  of  most  data  sets  we  have  recorded. 
There  are  time  periods  when  the  forward-scatter  and  backward-scatter  sig¬ 
nals  exhibit  high  positive  correlation,  and  other  periods  of  high  negative 
correlation.  Figure  2b  shows  a  running  correlation  of  the  data  shown  in  hg¬ 
ure  2a,  calculated  with  a  0.5-s  data  window,  after  both  signals  are  hltered 
with  a  30-Hz  median  hlter.  The  correlation  varies  between  —0.8  and  0.7,  and 
is  typical  of  other  correlations  observed. 
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Time  (s) 


Figure  2.  Experimental  data  showing  (a)  scattered  intensity  of  an  rh  ~  12  /im  glycerol 
host  containing  approximately  170  latex  inclusions,  =  0.50  /rm,  in  forward-scatter  and 
backward-scatter  directions  as  a  function  of  time,  and  (b)  correlation  function  of  scattered 
signals. 
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3.  Analysis 


In  order  to  understand  the  nature  of  the  correlation  of  the  forward  and 
backward  scatter,  we  use  some  theoretical  models  to  calculate  scattering 
correlations  from  systems  having  characteristics  similar  to  our  experimental 
system.  We  examine  two  systems:  a  pair  of  isolated  spheres,  and  a  sphere 
containing  a  nonconcentric  spherical  inclusion. 

It  has  been  hypothesized  that  the  oscillations  are  due  to  interference  among 
scattered  waves  from  individual  spheres  within  the  host  droplet  [14,21].  To 
explore  this  hypothesis,  we  approximate  the  interference  among  individual 
spheres  by  examining  the  scatter  from  a  two-sphere  system  [22-39],  whose 
correlation  is  due  solely  to  interference  between  the  two  spheres.  Our  mo¬ 
tivation  is  to  qualitatively  explain  the  correlation  of  the  considerably  more 
complicated  experimental  scattering  system,  where  there  are  typically  be¬ 
tween  2  and  200  interacting  spheres. 

Figure  3a  is  the  correlation  of  two  perfectly  conducting,  r  =  0.50  pm  spheres, 
illuminated  at  A  =  647.1  nm,  as  a  function  of  separation  distance  d.  We  calcu¬ 
lated  the  scattering  intensities  used  in  the  correlations  in  the  forward  (0  =  0°) 
and  backward  (0  =  180°)  scatter  directions  by  averaging  over  the  orientations 
of  the  two  spheres  with  respect  to  the  incident  beam  for  each  separation  dis¬ 
tance.  Figure  3a  indicates  that  the  correlation  is  generally  positive  and  tends 
toward  zero  as  the  separation  distance  increases.  Also,  oscillations  in  the  cor¬ 
relation  are  similar  to  oscillations  that  would  be  seen  in  the  scattered  held 
due  to  interference;  in  fact,  the  frequency  of  these  correlation  oscillations  is 
approximately  equal  to  half  the  wavelength  of  the  incident  held. 

We  argue  that  these  correlations  are  predominantly  positive  because  of  the 
geometry  of  the  system.  For  small  separations,  scattering  cross  sections  are 
generally  greater  when  light  is  incident  on  two  spheres  in  a  broadside  ori¬ 
entation  than  when  the  spheres  are  in  an  end-on  incidence.  This  is  due  to 
electromagnetic  hux  intercepting  the  scattering  object.  A  greater  cross  sec¬ 
tion  tends  to  increase  scattering  intensities  in  all  directions;  hence,  as  the 
orientation  changes  from  broadside  to  end-on  incidence,  the  scattering  in¬ 
tensities  in  both  forward  and  backward  directions  tend  to  decrease,  and  the 
resulting  correlations  measured  will  be  positive. 
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(a) 


Figure  3.  Correlation  of  (a)  two  perfectly  conducting,  r  =  0.50  /im  spheres  illuminated  at 
A  =  647.1  nm  as  a  function  of  separation  distance  d,  and  (b)  two  dielectric,  n  =  rii/rih  = 
1.081,  r  =  0.50  spheres  illuminated  at  A  =  439.9  nm  as  a  function  of  separation 
distance  d. 
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Although  these  results  provide  some  insight  into  the  correlation,  it  is  more 
appropriate  to  examine  the  correlation  for  the  system  parameters  within  the 
host  sphere.  In  this  case,  the  incident  wavelength  and  refractive  indices  of 
the  spheres  are  modified  by  the  refractive  index  of  the  incident  medium. 
Figure  3b  shows  the  correlation  of  the  light  scattering  of  the  two  spheres 
(n  =  rii/nh  =  1.081,  r  =  0.50  /rm,  illuminated  at  A  =  439.9  nm)  as  a  func¬ 
tion  of  separation  distance  d.  The  results  are  similar  to  those  in  figure  3a, 
except  that  the  correlation  and  the  frequency  of  oscillation  are  greater.  Again, 
the  freqnency  of  oscillation  is  approximately  equal  to  half  the  wavelength  of 
the  incident  light.  Several  characteristics  apparent  in  figure  3  also  appear 
in  other  cases  examined  in  this  work:  (1)  the  correlation  fnnction  oscillates 
as  sphere  separation  increases,  and  the  amplitnde  of  oscillation  decays  as 
the  separation  distance  increases;  (2)  the  frequency  of  oscillation  is  eqnal  to 
approximately  half  the  wavelength  of  the  incident  radiation;  and  (3)  as  the 
size  of  the  spheres  increases,  the  correlation  tends  to  be  more  positive.  Since 
the  correlations  for  this  model  have  predominantly  positive  valnes,  we  sng- 
gest  that  the  experimental  correlations  observed  (which  display  both  positive 
and  negative  correlation)  are  not  due  to  interference  of  waves  scattered  by 
inclusions. 

The  second  type  of  system  we  examine  is  a  host  sphere  containing  a  single 
nonconcentrically  located  spherical  inclusion  [40-48].  It  has  been  hypoth¬ 
esized  that  the  signal  oscillations  in  our  experiment  are  due  to  inclusions 
passing  through  regions  of  high  and  low  intensity  within  the  host  sphere 
[13].  To  explore  this  hypothesis,  we  examine  the  scatter  from  a  host  sphere 
containing  a  nonconcentrically  located  spherical  inclnsion.  The  correlation  of 
backward  and  forward  scatter  is  then  dne  solely  to  the  changing  position  of 
the  inclusion  within  the  host  (orientation  averaging  is  carried  out  for  each 
position).  Fignre  4  shows  the  correlation  of  forward  {6  =  0°)  and  backward 
{6  =  180°)  scatter  intensities,  as  a  function  of  the  center-to-center  distance 
between  a  latex  inclusion  (r*  =  0.50  /rm)  and  its  glycerol  host  (r/^  =  2.000 
and  2.005  /rm).  Some  characteristics  apparent  in  these  graphs  appear  in  other 
correlations  that  we  have  examined  from  this  type  of  system.  In  general,  the 
correlation  is  dependent  on  the  position  of  the  inclusion  within  the  host  and 
is  mnch  more  sensitive  to  changes  in  the  size  of  the  host  when  the  inclusion 
is  near  the  edge  of  the  host.  Unlike  the  correlations  dne  to  interference,  the 
correlations  for  a  droplet  containing  an  inclusion  have  strongly  negative  as 
well  as  positive  correlations. 


Figure  4.  Correlation  of  glycerol  host  spheres  (uh  =  1.471)  containing  an  r  =  0.50  /xm 
latex  sphere  illuminated  at  A  =  647.1  nm  as  a  function  of  center-to-center  distance  d. 

One  quantity  that  may  be  of  interest  is  a  spatial  constant  associated  with  the 
correlations.  We  can  hnd  this  value  by  calculating  the  autocorrelation  of  the 
calculated  cross-correlation  function.  The  decay  associated  with  the  autocor¬ 
relation  corresponds  to  a  spatial  constant  over  which  the  cross-correlation 
changes.  These  calculations  were  performed  on  data  sets  for  different  inclu¬ 
sion  and  host  sphere  radii.  When  the  inclusion  size  remains  smaller  than 
the  wavelength,  these  spatial  constants  depend  primarily  on  the  wavelength 
interior  to  the  host  sphere  and  have  values  on  the  order  of  X/Auh-  These  spa¬ 
tial  constants  are  approximately  the  same  as  spatial  constants  that  would  be 
achieved  from  correlations  of  the  two-sphere  system.  They  do  not,  however, 
show  the  obvious  periodicity  seen  in  the  two-sphere  correlations. 

Our  analysis  of  these  two  relatively  simple  scattering  models  suggests  that 
correlations  due  to  inclusions  diffusing  through  the  host  sphere  resemble  the 
experimental  data  sets  that  we  have  collected  more  closely  than  those  of  the 
isolated  two-sphere  model:  in  particular,  the  observed  correlations  vary  over 
a  wide  range  of  both  positive  and  negative  values.  This  assertion  is  based 
on  two  assumptions:  (1)  that  correlations  calculated  from  a  host  sphere  con¬ 
taining  one  inclusion  do  not  differ  substantially  for  a  host  sphere  containing 
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multiple  inclusions;  and  (2)  that  correlations  due  to  interference  among  mul¬ 
tiple  spheres  tend  to  remain  positive,  like  those  due  to  interference  between 
two  spheres. 

Although  we  took  steps  to  reduce  droplet  evaporation,  we  hnd  it  necessary  to 
assess  the  effect  of  this  small  but  nonzero  evaporation.  In  order  to  do  this,  we 
examine  model  correlation  calculations  of  a  glycerol  host  containing  a  latex 
inclusion  positioned  at  its  outer  edge  (£g.  5a).  We  choose  this  particular 
configuration,  since,  as  was  seen  in  figure  4,  it  maximizes  changes  in  the 
correlation  function,  and  therefore  puts  an  upper  limit  on  the  effect  of  droplet 
evaporation.  Importantly,  the  correlation  does  not  change  appreciably,  except 
for  fairly  narrow  regions  where  the  inclusion  is  positioned  near  the  surface  of 
the  host,  where  it  veers  strongly  toward  -|-1.  These  regions  of  high  positive 
correlation  are  due  to  resonances  (shown  in  the  extinction  curve  of  fig.  5b). 
On  resonance,  scatter  in  virtually  all  directions  is  enhanced,  so  the  light 
scattered  in  different  directions  has  strong  positive  correlation.  Thus,  to  avoid 
significant  effects  of  even  slow  droplet  evaporation  on  scattering,  we  need 
to  avoid  droplet  resonances  during  our  observations.  We  have  taken  this 
precaution  in  the  data  reported  here. 
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(a) 


Radius  (|xm) 

Figure  5.  For  a  glycerol  host  sphere  containing  an  r  =  0.50  /rm  latex  sphere  fixed  to  its 
outer  edge,  (a)  correlation  as  a  function  of  host  sphere  radius,  and  (b)  extinction  as  a 
function  of  homogeneous  glycerol  radius. 
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4.  Conclusion 


In  this  report,  we  describe  a  new  method  of  analyzing  the  intensities  from 
a  scattering  system.  We  have  made  experimental  measurements  of  angular 
correlations  and  numerically  calculated  correlations  from  two  different  types 
of  scattering  systems.  The  numerical  calculations  suggest  that  we  can  distin¬ 
guish  between  a  scattering  system  composed  of  a  conglomeration  of  spher¬ 
ical  particles  and  one  in  which  the  system  is  enclosed  by  a  spherical  host. 
We  observe  that  in  a  single  levitated  droplet  containing  inclusions,  the  fluc¬ 
tuations  in  the  near-forward  and  near-backward  scattering  directions,  over 
periods  of  about  1  s,  can  be  strongly  correlated,  uncorrelated,  or  strongly 
anticorrelated.  These  results  are  consistent  with  the  random  Brownian  mo¬ 
tions  of  the  inclusions  in  high  and  low  intensities  within  the  host  sphere, 
rather  than  from  interference  effects  between  the  inclusions.  This  suggests 
that  the  photon-correlation  analyses,  which  are  based  on  interference,  would 
not  produce  valid  results  for  this  particular  scattering  system. 

For  the  most  part,  the  analysis  presented  is  qualitative.  We  outlined  the 
methodology  of  angular  correlation  and  presented  the  correlation  character¬ 
istics  of  some  specific  scattering  systems.  From  these  characteristics,  we  can 
determine  some  general  information  about  the  scattering  system.  One  goal 
of  light  scattering  studies  is  not  only  to  determine  qualitative  system  charac¬ 
teristics,  but  also  to  determine  quantitative  characteristics  from  the  signals. 
We  are  currently  pursuing  research  in  this  held.  Preliminary  results  lead  us 
to  believe  that  inclusion  size  and  concentration  can  be  determined  from  the 
time  constants  associated  with  the  angular  correlations. 


12 


Acknowledgments 


We  thank  John  Videen  and  the  Atmospheric  Science  and  Technology  Team 
at  ERDEC  for  their  computer  assistance. 


13 


References 


1.  A.  Ashkin  and  J.  M.  Dziedzic,  “Observation  of  resonances  in  the  radi¬ 
ation  pressure  on  dielectric  spheres,”  Phys.  Rev.  Lett.  38,  1351-1354 
(1977). 

2.  A.  Ashkin  and  J.  M.  Dziedzic,  “Observation  of  optical  resonances  of 
dielectric  spheres  by  light  scattering,”  Appl.  Opt.  20,  1803-1814  (1981). 

3.  P.  Chylek,  “Partial  wave  resonances  and  the  ripple  structure  of  the  Mie 
normalized  extinction  cross  section,”  J.  Opt.  Soc.  Am.  A  66,  285-287 
(1976). 

4.  P.  Chylek,  J.  T.  Kiehl,  and  M.K.W.  Ko,  “Optical  levitation  and  partial 
wave  resonances,”  Phys.  Rev.  A  18,  2229-2233  (1978). 

5.  P.  Chylek,  J.  T.  Kiehl,  and  M.K.W.  Ko,  “Narrow  resonance  structure 
in  the  Mie  scattering  characteristics,”  Appl.  Opt.  17,  3019-3021  (1978). 

6.  H.  S.  Bennett  and  G.  J.  Rosasco,  “Resonances  in  the  efficiency  factor 
for  absorption:  Mie  scattering  theory,”  Appl.  Opt.  17,  491-493  (1978). 

7.  P.  R.  Conwell,  P.  W.  Barber,  and  C.  K.  Rushhrth,  “Resonant  spectra 
of  dielectric  spheres,”  J.  Opt.  Soc.  Am.  A  1,  62-67  (1984). 

8.  J.  R.  Probert-Jones,  “Resonance  component  of  backscattering  by  large 
dielectric  sphere,”  J.  Opt.  Soc.  Am.  A  1,  822-829  (1984). 

9.  H.  S.  Bennett  and  G.  J.  Rosasco,  “Internal  held  resonance  structure: 
Implications  for  optical  absorption  and  scattering  by  microscopic  par¬ 
ticles,”  J.  Opt.  Soc.  Am.  A  1,  62-67  (1984). 

10.  S.  C.  Hill  and  R.  E.  Benner,  “Morphology-dependent  resonances  asso¬ 
ciated  with  stimulated  processes  in  microspheres,”  J.  Opt.  Soc.  Am.  B 
3,  1509  (1986). 

11.  G.  Videen  and  W.  S.  Bickel,  “Light-scattering  resonances  in  small 
spheres,”  Phys.  Rev.  A  45,  6008-6012  (1992). 


14 


12.  P.  Chylek,  D.  Ngo,  and  R.  G.  Pinnick,  “Resonance  structure  of  com¬ 
posite  and  slightly  absorbing  spheres,”  J.  Opt.  Soc.  Am.  A  9,  775-780 
(1992). 

13.  D.  Ngo  and  R.  G.  Pinnick,  “Suppression  of  scattering  resonances  in  in¬ 
homogeneous  microdroplets,”  J.  Opt.  Soc.  Am.  A  11,  1352-1359  (1994). 

14.  J.  Gu,  T.  E.  Ruekgauer,  J.-G.  Xie,  and  R.  L.  Armstrong,  “Effect  of 
particulate  seeding  on  microdroplet  angular  scattering,”  Opt.  Lett.  18, 
1293-1295  (1993). 

15.  J.-G.  Xie,  T.  E.  Ruekgauer,  R.  L.  Armstrong,  and  R.  G.  Pinnick,  “Sup¬ 
pression  of  stimulated  Raman  scattering  from  microdroplets  by  seeding 
with  nanometer-sized  latex  particles,”  Opt.  Lett.  18,  340-342  (1993). 

16.  H.-B.  Lin,  A.  L.  Huston,  J.  D.  Eversole,  A.  J.  Gampillo,  and  P.  Ghylek, 
“Internal  scattering  effects  on  microdroplet  resonant  emission  struc¬ 
ture,”  Opt.  Lett.  17,  970-972  (1992). 

17.  R.  L.  Armstrong,  J.-G.  Xie,  T.  E.  Ruekgauer,  J.  Gu,  and  R.  G.  Pinnick, 
“Effects  of  submicrometer-sized  particles  on  microdroplet  lasing,”  Opt. 
Lett.  18,  119-121  (1993). 

18.  R.  L.  Armstrong,  J.-G.  Xie,  T.  E.  Ruekgauer,  and  R.  G.  Pinnick, 
“Energy-transfer-assisted  lasing  from  microdroplets  seeded  with  fluo¬ 
rescent  sol,”  Opt.  Lett.  17,  943-945  (1992). 

19.  T.  Kaiser,  G.  Roll,  and  G.  Schweiger,  “Enhancement  of  the  Raman 
spectrum  of  optically  levitated  microspheres  by  seeded  nanoparticles,” 
J.  Opt.  Soc.  Am.  B  12,  281-286  (1995). 

20.  J.  D.  Eversole,  H.-B.  Lin,  and  A.  J.  Gampillo,  “Input /output  resonance 
correlation  in  laser-induced  emission  from  microdroplets,”  J.  Opt.  Soc. 
Am.  B  12,  287-296  (1995). 

21.  B.  V.  Bronk,  M.  J.  Smith,  and  S.  Arnold,  “Photon-correlation  spec¬ 
troscopy  for  small  spherical  inclusions  in  a  micrometer-sized  electrody¬ 
namically  levitated  droplet,”  Opt.  Lett.  18,  93-95  (1993). 

22.  G.  Liang  and  Y.  T.  Lo,  “Scattering  by  two  spheres,”  Radio  Sci.  2,  1481- 
1495  (1967). 


15 


23.  J.  H.  Bruning  and  Y.  T.  Lo,  “Multiple  scattering  of  EM  waves  by 
spheres,  parts  I  &  II,”  IEEE  Trans.  Antennas  Propag.  AP-19,  378- 
400  (1971). 

24.  A.  R.  Jones,  “Electromagnetic  wave  scattering  by  assemblies  of  particles 
in  the  Rayleigh  approximation,”  Proc.  R.  Soc.  London  Ser.  A  366,  111- 
127  (1979). 

25.  J.  M.  Gerardy  and  M.  Ausloos,  “Absorption  spectrum  of  clusters  of 
spheres  from  the  general  solution  of  Maxwell’s  equations:  The  long  wave¬ 
length  limit,”  Phys.  Rev.  B  22,  4950-4959  (1980). 

26.  R.  T.  Wang,  J.  M.  Greenberg,  and  D.  W.  Schuerman,  “Experimental 
results  of  dependent  light  scattering  by  two  spheres,”  Opt.  Lett.  6,  543- 
545  (1981). 

27.  F.  Borghese,  P.  Denti,  R.  Saija,  G.  Toscano,  and  0. 1.  Sindoni,  “Multiple 
electromagnetic  scattering  from  a  cluster  of  spheres.  1.  Theory,”  Aerosol 
Sci.  Technol.  3,  227-235  (1984). 

28.  K.  A.  Fuller  and  G.  W.  Kattawar,  “Gonsummate  solution  to  the  prob¬ 
lem  of  classical  electromagnetic  scattering  by  an  ensemble  of  spheres.  1; 
Linear  chains,”  Opt.  Lett.  13,  90-92  (1988). 

29.  K.  A.  Fuller  and  G.  W.  Kattawar,  “Gonsummate  solution  to  the  problem 
of  classical  electromagnetic  scattering  by  an  ensemble  of  spheres.  11; 
Glusters  of  arbitrary  conhguration,”  Opt.  Lett.  13,  1063-1065  (1988). 

30.  M.  F.  Iskander,  H.  Y.  Ghen,  and  J.  E.  Penner,  “Optical  scattering  and 
absorption  by  branched  chains  of  aerosols,”  Appl.  Opt.  28,  3083-3091 
(1989). 

31.  D.  W.  Mackowski,  “Analysis  of  radiative  scattering  for  multiple  sphere 
conhgurations,”  Proc.  R.  Soc.  London.  Ser.  A  433,  599-614  (1991). 

32.  M.  1.  Mishchenko,  “Light  scattering  by  randomly  oriented  axially  sym¬ 
metric  particles,”  J.  Opt.  Soc.  Am.  A  8,  871-882  (1991). 

33.  J.  G.  Ku  and  K.-H.  Shim,  “A  comparison  of  solutions  for  light  scatter¬ 
ing  and  absorption  by  agglomerated  or  arbitrarily-shaped  particles,”  J. 
Quant.  Spectrosc.  Radiat.  Transfer  47,  201-220  (1992). 

34.  K.  A.  Fuller,  “Optical  resonances  and  two-sphere  systems,”  Appl.  Opt. 
33,  4716-4731  (1991). 


16 


35.  M.  I.  Mishchenko  and  D.  W.  Mackowski,  “Light  scattering  by  randomly 
oriented  bispheres,”  Opt.  Lett.  19,  1604-1606  (1994). 

36.  K.  A.  Fuller,  “Scattering  and  absorption  cross  sections  of  compounded 
spheres.  1.  Theory  for  external  aggregation,”  J.  Opt.  Soc.  Am.  A  11, 
3251-3260  (1994). 

37.  K.  A.  Fuller,  “Scattering  and  absorption  cross  sections  of  compounded 
spheres.  If.  Calculations  for  external  aggregation,”  J.  Opt.  Soc.  Am.  A 
12,  881-892  (1995). 

38.  S.  C.  Hill,  H.  1.  Saleheen,  and  K.  A.  Fuller,  “Volume  current  method 
for  modeling  light  scattering  by  inhomogeneously  perturbed  spheres,” 
J.  Opt.  Soc.  Am.  A  12,  905-915  (1995). 

39.  D.  W.  Mackowski,  “Calculation  of  total  cross  sections  of  multiple-sphere 
clusters,”  J.  Opt.  Soc.  Am.  A  11,  2851-2861  (1994). 

40.  J.  G.  Fikioris  and  N.  K.  Uzunoglu,  “Scattering  from  an  eccentrically 
stratihed  dielectric  sphere,”  J.  Opt.  Soc.  Am.  69,  1359-1366  (1979). 

41.  F.  Borghese,  P.  Denti,  and  R.  Saija,  “Optical  properties  of  spheres  con¬ 
taining  a  spherical  eccentric  inclusion,”  J.  Opt.  Soc.  Am.  A  9,  1327-1335 
(1992). 

42.  F.  Borghese,  P.  Denti,  and  R.  Saija,  “Optical  properties  of  spheres  con¬ 
taining  several  spherical  inclusions,”  Appl.  Opt.  33,  484-493  (1994). 

43.  K.  A.  Fuller,  “Scattering  and  absorption  cross  sections  of  compounded 
spheres.  III.  Spheres  containing  arbitrarily  located  spherical  inhomo¬ 
geneities,”  J.  Opt.  Soc.  Am.  A  12,  893-904  (1995). 

44.  M.  M.  Mazumder,  S.  C.  Hill,  and  P.  W.  Barber,  “Morphology-dependent 
resonances  in  inhomogeneous  spheres:  Comparison  of  the  layered  T- 
matrix  method  and  the  time-independent  perturbation  method,”  J. 
Opt.  Soc.  Am.  A  9,  1844-1853  (1992). 

45.  N.  C.  Skaropoulos,  M.  P.  loannidow,  and  D.  P.  Chrissoulidis,  “Indirect 
mode-matching  solution  to  scattering  from  a  dielectric  sphere  with  an 
eccentric  inclusion,”  J.  Opt.  Soc.  Am.  A  11,  1859-1866  (1994). 

46.  G.  Videen,  D.  Ngo,  and  P.  Chylek,  “Effective-medium  predictions  of 
absorption  by  graphitic  carbon  in  water  droplets,”  Opt.  Lett.  19,  1675- 
1677  (1994). 


17 


47.  G.  Videen,  D.  Ngo,  P.  Chylek,  and  R.  G.  Pinnick,  “Light  scattering  from 
a  sphere  with  an  irregular  inclusion,”  J.  Opt.  Soc.  Am.  A  12,  922-928 
(1995). 

48.  K.  Fuller,  “Morphology-dependent  resonances  in  eccentrically  stratihed 
spheres,”  Opt.  Lett.  19,  1272-1274  (1994). 

49.  S.  Arnold,  “Spectroscopy  of  single  levitated  micron  sized  particles,” 
Optical  Effects  Associated  with  Small  Particles,  P.  W.  Barber  and  R. 
K.  Ghang,  eds.  (World  Scientific,  Singapore,  1988),  Ghap.  2,  pp  66-127. 

50.  T.  W.  Ghen,  “Simple  formula  for  light  scattering  by  large  spherical 
dielectric,”  Appl.  Opt.  32,  7568-7571  (1993). 


18 


Distribution 


Admnstr 

Defns  Techl  Info  Ctr 
Attn  DTIC-OCP 

8725  John  J  Kingman  Rd  Ste  0944 
FT  Belvoir  VA  22060-6218 

Central  Intellgnc  Agency  Dir  DB  Standard 
Attn  GE  47  QB 
Washington  DC  20505 

Chairman  Joint  Chiefs  of  Staff 
Attn  J5  R&D  Div 
Washington  DC  20301 

Defns  Intllgnc  Acgy 
Attn  DT  2  Wpns  &  Sys  Div 
Washington  DC  20301 

Dir  of  Defns  Rsrch  &  Engrg 
Attn  DD  TWP 
Attn  Engrg 
Washington  DC  20301 

Ofc  of  the  Secy  of  Defs 
Attn  ODDRE  (R&AT)  G  Singley 
Attn  ODDRE  (R&AT)  S  Gontarek 
The  Pentagon 

Washington  DC  20301-3080 

US  Dept  of  Energy 
Attn  KK  22  K  Sisson 
Attn  Techl  Lib 
Washington  DC  20585 

OIR  CSB  CRB 
Attn  A  M  Jones 
RB  1413  OHM 
Washington  DC  20505 

Commanding  Officer 
Attn  NMCB23 
6205  Stuart  Rd  Ste  101 
ET  Belvoir  VA  22060-5275 

CECOM 

Attn  PM  GPS  COLS  Young 
ET  Monmouth  NJ  07703 


CECOM 

Sp  &  Terrestrial  Commctn  Div 
Attn  AMSEL-RD-ST-MC-M  H  Soicher 
ET  Monmouth  NJ  07703-5203 

DARPA 

Attn  B  Kaspar 

Attn  L  Stotts 

Attn  Techl  Lib 

3701  N  Eairfax  Dr 

Arlington  VA  22203-1714 

Dir  of  Chem  &  Nuc  Ops  DA  DCSOPS 
Attn  Techl  Lib 
Washington  DC  20310 

Dpty  Assist  Scy  for  Rsrch  &  Techl 
Attn  SARD-TR  R  Chait  Rm  3E476 
Attn  SARD-TT  D  Chait 
AttnSARD-TT  E  Milton  Rm  3E479 
Attn  SARD-TT  K  Kominos 
Attn  SARD-TT  R  Reisman 
Attn  SARD-TT  T  Killion 
Attn  SARD-TT  C  NashRm3E479 
The  Pentagon 

Washington  DC  20310-0103 

Hdqtrs  Dept  of  the  Army 
AttnDAMO-EDT  D  Schmidt  RM  3C514 
400  Army  Pentagon 
Washington  DC  20310-0460 

OSD 

Attn  OUSD(A&T)/ODDDR&E(R)  J  Lupo 
The  Pentagon 

Washington  DC  20301-7100 

US  Army  Engrg  Div 
Attn  HNDED  ED 
PO  Box  1500 
Huntsville  AL  35807 

US  Army  Matl  Cmnd 
Dpty  CG  for  RDE  Hdqtrs 
Attn  AMCRD  BG  Beauchamp 
5001  Eisenhower  Ave 
Alexandria  VA  22333-0001 


CECOM  RDEC  Electronic  Systems  Div  Dir 
AttnJ  Niemela 
ET  Monmouth  NJ  07703 


19 


Distribution 


US  Army  Matl  Cmnd 
Prin  Dpty  for  Acquisition  Hdqrts 
Attn  AMCDCG-A  D  Adams 
5001  Eisenhower  Ave 
Alexandria  VA  22333-0001 

US  Army  Matl  Cmnd 
Prin  Dpty  for  Techlgy  Hdqrts 
Attn  AMCDCG-T  M  Fisette 
5001  Eisenhower  Ave 
Alexandria  VA  22333-0001 

US  Army  Mis  &  Spc  Intllgnc  Ctr 

Attn  AIAMS  YDL 

Redstone  Arsenal  AL  35898-5500 

US  Army  NGIC 
Attn  Rsrch  &  Data  Branch 
220  7th  Stret  NE 
Charlottesville  VA  22901-5396 

US  Army  Nuc  &  Cheml  Agency 
7150  Heller  Loop  Ste  101 
Springfield  VA  22150-3198 

US  Army  Strtgc  Defns  Cmnd 
Attn  CSSD  H  MPL  Techl  Lib 
Attn  CSSD  H  XM  Davies 
PO  Box  1500 
Huntsville  AL  35807 

US  Military  Academy 
Dept  of  Mathematical  Sci 
Attn  MAJ  D  Engen 
West  Point  NY  10996 

USAASA 

Attn  MOAS-AI  W  Parron 
9325  Gunston  Rd  Ste  N319 
FT  Belvoir  VA  22060-5582 


Chief  of  Nav  OPS  Dept  of  the  Navy 
Attn  OP  03EG 
Washington  DC  20350 

GPS  Joint  Prog  Ofc  Dir 

Attn  COL  J  Clay 

2435  Vela  Way  Ste  1613 

Los  Angeles  ALB  CA  90245-5500 

Ofc  of  the  Dir  Rsrch  and  Engrg 
Attn  R  Menz 
Pentagon  Rm  3E1089 
Washington  DC  20301-3080 

Special  Assist  to  the  Wing  Cmndr 
Attn  50SW  /  CCX  Capt  P  H  Bernstein 
300  O'Malley  Ave  Ste  20 
Falcon  ALB  CO  80912-3020 

ARL  Electromag  Group 

Attn  Campus  Mail  Code  F0250  A  Tucker 

University  of  TX 

Austin  TX  78712 

US  Army  Rsrch  Ofc 
Attn  AMXRO-ICA  B  Mann 
PO  Box  12211 

Research  Triangle  Park  NC  27709-2211 

US  Army  Rsrch  Lab 

Attn  AMSRL-CI-LL  Techl  Lib  (3  copies) 

Attn  AMSRL-CS-AL-TA  Mail  &  Records 
Mgmt 

Attn  AMSRL-CS-AL-TP  Techl  Pub  (3  copies) 
Attn  AMSRL-IS-EE  G  Videen  (7  copies) 
Adelphi  MD  20783-1197 


20 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1 21 5  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 


1.  AGENCY  USE  ONLY  (Leave  blank) 


2.  REPORT  DATE 


November  1997 


3.  REPORT  TYPE  AND  DATES  COVERED 

Progress,  from  0  ct  1996  to  M  ay  1997 


4.  TITLE  AND  SUBTITLE 


Qualitative  Light- Scattering  Angular  Correlations  of  Conglomerate 
Particles 


5.  FUNDING  NUMBERS 


PE:  61102A 


6.  AUTHOR(S) 

Gorden  Videen  and  Paul  Pellegrino  (ARL),  DatNgo  (NgoCo), 
Paul  N  achman  (TRW ),  Ronald  G .  Pinnick  (ARL) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U  .5.  Army  Research  Laboratory 
Attn:  AMSRL-IS-EE 
2800  Powder  M  ill  Road 
Adelphi,  MD  20783-1197 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


9.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


U  .5.  Army  Research  Laboratory 
2800  Powder  M  ill  Road 
Adelphi,  MD  20783-1197 


ARL-TR-1396 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 

AMScode:  611102. 53A11 
ARL  PR:  7FEJ60 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Maximum  200  words) 

The  scattering  phase  functions  of  micrometer-size  glycerol  droplets  containing  spherical  latex 
inclusions  undergo  random  fluctuations  with  time.  We  measure  scattering  intensities  in  the  near¬ 
forward  and  near-backward  scattering  directions  and  find  them  to  have  strong  positive  correlations 
during  some  time  periods  and  strong  negative  correlations  during  other  time  periods.  The  characteristic 
time  constants  of  these  correlations  are  on  the  order  of  seconds.  We  calculate  scattering  correlations 
from  two  types  of  scattering  systems.  Correlations  from  an  aggregate  of  two  isolated  spheres  are 
generally  positive,  whereas  correlations  from  a  sphere  containing  a  single  spherical  inclusion  may  be 
both  positive  and  negative.  Calculations  of  correlations  from  our  experimental  data  are  consistent  with 
diffusion  of  inclusions  within  the  host  droplet,  rather  than  interference  effects  between  the  inclusions. 


14.  SUBJECT  TERMS 


Contaminant,  scatter 


15.  NUMBER  OF  PAGES 
28 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 


Unclassified 


Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


20.  LIMITATION  OF  ABSTRACT 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  Z39-18 
298-102 


21 


DEPARTMENT  OF  THE  ARMY  An  Equal  Opportunity  Employer 

U  .S.  Army  Research  Laboratory 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783-1197 


